The thermal properties, crystallization and morphology of amphiphilic poly(D-lactide)-
INTRODUCTION
Poly(lactide) (PLA) polymers are promising new biocompatible and biodegradable materials. Poly(lactides) can be obtained from annually renewable resources and represent interesting materials to replace petroleum-based polymers.
1,2 PLA has three different stereoisomers: poly(L-lactic acid), poly (D-lactic acid) and racemic poly(D,Llactic acid). The first two are semicrystalline and the last one is amorphous. 3 In 1987 Ikada et al. reported the phenomenon of stereocomplexation between optically active poly(L-lactic acid) (PLLA) and poly(D-lactic acid) (PDLA) homopolyesters. 4, 5 The PLA stereocomplexes have melting temperatures around 220-230 °C compared to about 170-180 °C for the homopolymers. The PLA stereocomplexes have a higher mechanical and thermal resistance than the homopolymers. These characteristics motivate further research into stereocomplexation phenomena. 6 On the other hand, the poly(N,N-dimethylamino-2-ethyl methacrylate) (PDMAEMA)
homopolymer is amorphous and has been used widely in the biomedical field. The PDMAEMA homopolymer has antibacterial, hemostatic and anticancer properties. 7, 8 The synthesis of the PLA-b-PDMAEMA copolymers (see scheme 1) has been inspired by potential applications in the biomedical materials field 9, 10 . Scheme 1. Schematic representation of the structure of PLA-b-PDMAEMA diblock copolymer.
The synthesis of these copolymers has been previously reported 9 . The copolymers were synthesized in three steps, the first one is the controlled ring-opening polymerization of 4 the D-lactide or L-lactide using as initiator aluminum triisopropoxide (Al(OiPr) 3 ). In the second step PLA-OH is transformed into PLA-Br, finally the PLA-Br was used as a macroinitiator for the ATRP polymerization of the DMAEMA.
The crystallization of block copolymers has been an active area of research for the past several decades. The influence of the microphase separation in the crystallization of the blocks has been studied [11] [12] [13] . In the case of the PLA-b-PDMAEMA block copolymers only one of the blocks can crystallize, i.e., PLA. The crystallization of PLA is interesting since it can exhibit cold crystallization phenomena, its crystallization kinetics is largely dependent on the molecular weight and it can form three different crystalline unit cells (α, β, γ). 6, [14] [15] [16] [17] [18] [19] [20] The thermal properties are very important for the determination of the final application of a thermoplastic polymer. Additionally if the polymers are semicrystalline the study of the crystallization kinetics is indispensable. In this publication we perform a comprehensive study on the morphology, nucleation, isothermal crystallization and visualisation of stereocomplex structures of several PLA-b-PDMAEMA block copolymers.
EXPERIMENTAL PART

Materials
The characteristics of the employed materials are shown in Table 1 , the nomenclature used is as follows: D(L)L xx -b-DMAEMA yy zz , where xx and yy represent the content (in weight percent) of the PLA and PDMAEMA blocks respectively. The superscript zz represents the number-average molecular weight in kg/mol. The complete synthesis procedure of all studied block copolymers has been already reported by some of us. 
Standard DSC experiments
A Perkin-Elmer Pyris 1 differential scanning calorimeter was used for the thermal analysis of the copolymers. The samples were studied under inert atmosphere employing ultrapure nitrogen. The weight of the samples was about 5 mg and the scanning rate was 20°C/min during cooling and heating. The thermal history was erased keeping the sample at a high temperature (at the peak melting point plus 20°C) for 3 min.
Isothermal Crystallization
The first step was to erase the thermal history, after that the samples were cooled from the melt at 60 °C/min to a defined crystallization temperature. The crystallization exotherm was recorded as a function of time until saturation was reached (at approximately three times the half-crystallization time). Then the sample was heated at 20 °C/min in order to examine the melting behavior of the isothermally crystallized copolymer. A T c range of at least 7 different temperatures was employed. The samples were very sensitive to thermal degradation. Therefore, for each isothermal temperature investigated, a new DSC pan with fresh sample was employed to avoid the influence of degradation on the results. 21 
Wide and Small Angle X-ray Scattering (WAXS AND SAXS)
Small-and wide-angle X-ray scattering (SAXS and WAXS) experiments were performed on station BM26B (DUBBLE), ESRF, Grenoble, France. A modified DSC Linkam hot stage was employed that allows the transmission of X-rays through mica windows. At first the sample was heated from 25°C to 110 °C at 20 °C/min, after that the sample was again heated at 20°C/min to 175 °C. After 5 minutes the samples were cooled at 5 °C/min to 25 °C. The wavelength employed was λ=1.24Å and the sample-detector distance was 3.75 m.
The wavenumber q = 4π sin θ/λ scale for SAXS was calibrated using collagen and NBS silicon.
Atomic Force Microscopy
Topographic images of the surfaces of thin films were obtained via atomic force microscopy under Tapping Mode TM at ambient conditions, using a Dimension IVa Nanoscope (Digital Instruments). Standard silicon cantilevers were used, with a resonance frequency of about 330 kHz, a spring constant of 45 N m -1 and a tip radius of less than 10 nm (Pointprobe SPM Cantilevers, Nanoworld). The operating frequency was chosen to be far on the repulsive side of the resonance frequency to increase scanning performance and stability.
Homopolymers and copolymers films were obtained by melting the sample on a glass substrate; later the sample was covered with Kapton® and another glass cover, then the film was cooled down at 5 o C/min to ambient temperature.
Scanning Electron Microscopy (SEM)
SEM was employed to observe the morphology of stereocomplexes. The samples were coated with an ultra fine layer of platinum. Then they were observed in a Philips XL30
ESEM FEG instrument at 20 kV.
Stereocomplex Preparation
Pairs of copolymers (Table 2) were dissolved into dichloromethane at room temperature.
The solutions were formed using equimolar quantities of PLLA and PDLA, the concentration of the solutions was 1 wt%. Each component was dissolved separately and later the solutions were mixed for the sterocomplex formation. After complete dissolution, the dichloromethane was evaporated at room temperature and the stereocomplexes were obtained.
RESULTS AND DISCUSSION
Morphology
The morphology of a block copolymer determines the majority of the physical properties of the material. One of the most interesting characteristics of block copolymers is their ability to form microdomains. The formation of microdomains is dependent on the segregation strength and the composition of the copolymer. The parameter χN or segregation strength, where  is the Flory-Huggins interaction parameter and N the degree of polymerization, is used to quantify microphase separation. The Flory-Huggins interaction parameter can be roughly estimated by equation 1
where Vseg is the volume of a polymer segment, δ PLA and δ PDMAEMA are the solubility parameters for PLA and PDMAEMA respectively, R is the universal gas constant and T is the temperature. However, it is possible to obtain significantly different values of  depending on the method used for the estimation of the solubility parameter for PDMAEMA homopolymer (since this value has not been determined experimentally and must be calculated). We have employed the group contribution theory following Van Krevelen 22 in order to perform such approximate calculation. Estimated values of χN are shown in Table 3 , they can only be considered a first order approximation. According to the values shown in Table 3 , microphase separation would be expected since for symmetric diblock copolymers it has been calculated that the critical value of N = 10.5. 23, 24 . As expected, the higher molecular weight samples have higher predicted segregation strengths. Nevertheless, these values may have a large error associated with them as explained above. The AFM results conclusively indicate that the PDMAEMA and PLA blocks are either miscible in the melt or at least weakly segregated (according to the spherulitic morphology), despite the values of χN presented in Table 3 that indicate medium or strong segregation 12, 26 This disagreement could be due to the method employed to obtain the values of χN and the uncertainties regarding the value of the solubility parameter of PDMAEMA.
Key evidences to ascertain the structure of the melt can usually be obtained by Small Angle X-ray Scattering (SAXS). SAXS studies demonstrate that the blocks are miscible in the melt, for the LL copolymers, since no maximum in the SAXS profile (determined at a temperature where all samples are in the melt) was observed in Figure 2(a, c) . However, for DL copolymers we were able to observe a weak maximum or shoulder in the SAXS data (see arrow in Figure 2(b, d) ) that may indicate structural heterogeneity in the melt, however this evidence is not conclusive and should be compared with other results. In fact, as evidenced by AFM above and DSC below, the results are more consistent with miscibility between the block components. 
WAXS results
PLA is the semi-crystalline block in the PLA-b-PDMAEMA block copolymers. PLA can crystallize in three different unit cells, α, β and γ. 6, 16, 27 According to the results shown in Figure 3 and Table 4 , the crystalline unit cell for the PDLA and PLLA is the same in all homopolymers and copolymer samples irrespective of their stereo-regularity differences.
The crystalline structure probably corresponds to the orthorhombic α unit cell, since the values of the reflections obtained (see Table 4 ) are much closer to those of the  form than  (and they are also different than the values for the unexpected  . The  form is the most commonly formed for PLA during the crystallization from the melt or a dilute solution. 
Standard DSC studies
The Fox equation can be used to predict the values of the T g for a miscible copolymer or blend system as follows 29 :
where T g is the glass transition temperature of the copolymer, X a and X b are the mass fraction of the block A and B, and T ga and T gb are the glass transition temperature for the components A and B. For the present copolymers the T g of the PDMAEMA is 19°C and the T g for the PLA homopolymers are indicated in Table 5 . In view of the DSC and AFM results presented above we can conclude that the block copolymer components are miscible in spite of the weak shoulder shown in the SAXS profile for the DL copolymers. It must be remembered that even miscible block copolymers can exhibit hole correlation effects in the melt that can lead to broad maxima 23 The influence of the PDMAEMA block on the crystallization of the PLA block is shown in Figure 5 . In the DSC cooling and heating scans, we can observe differences between the behavior of the homopolymers and the copolymers. Firstly, the crystallization during cooling (see Figure 5a ) disappears for the copolymers, and takes place during the heating process. This cold crystallization is typical for systems with low nucleation density or when the kinetics of crystallization are very slow. 30, 31 It is clear that the presence of the covalently linked PDMAEMA blocks are slowing the overall crystallization kinetics of the PLA blocks, as we will corroborate below with isothermal crystallization experiments.
Additionally when we compare homopolymers and copolymers with the same molecular weight (M n ), the melting temperatures (T m ) are shifted to lower values for the copolymers (see Table 6 ). Since the blocks are miscible in the melt the main effect that is causing the decrease in T m should be a dilution effect. In other words, the PDMAEMA block acts like a macromolecular solvent surrounding the PLA crystals in the melt. [30] [31] [32] [33] Also the fact that the 2)(ºC) 
Isothermal Crystallization
In Figure 6 we show the variation of the inverse of the half-crystallization time (τ 1/2 ) with the isothermal crystallization temperature T c for the PLA-b-PDMAEMA block copolymers.
The quantity 1/ τ 1/2 is an experimentally determined value that is proportional to the overall crystallization rate (that includes both nucleation and growth). The composition of the copolymer also has an influence on the crystallization kinetics. 31 The crystallization is slower for the copolymers with a content of approximately 50 % of PDMAEMA than for LL 64 -b-DMAEMA 36 16.1 . This is probably due to the difficulty encountered by the PLA chains to diffuse from a homogeneous melt to find the crystal growth front, when their content is 50% or lower, while they are surrounded by melt mixed PDMAEMA chains.
The experimental data obtained during the isothermal crystallizations was analyzed using the Avrami equation, which can be expressed as follows:
Here t is the experimental time, t 0 is the induction time, V c is the relative volumetric transformed fraction, n is the Avrami index and k is the overall crystallization rate constant. 21, 34 . The procedure employed to perform fits to the Avrami equation was that of Lorenzo et al. 21 The results are shown in Table 7 The values of n are higher for the copolymers than the homopolymers in general. This difference is probably due to the fact that nucleation is more sporadic for the copolymers than for the homopolymers. The overall crystallization kinetics are also slower for the copolymers as compared to the homopolymers as discussed previously ( Figures 5 and 6) (this is the reason behind the lack of crystallization upon cooling from the melt under nonisothermal conditions, see Figure 5 ). These results are a consequence of the covalent bond between the PLA chains and the amorphous PDMAEMA chains in the copolymers.
Finally, the values of the overall crystallization rate constant K in Table 7 , are fully consistent with the trends exhibited in Figure 6 by the inverse of the half-crystallization times, as expected. Table 7 . Avrami fitting parameters (n, K, τ 1/2 theo ), their correlation coefficient R 2 and conversion range employed for the fitting procedure 21 . The experimental value of τ 1/2 exp is given for comparison purposes. 
Poly(D-or L-Lactide)-B-Poly(N.N-Dimethylamino-2-Ethyl Methacrylate) stereocomplexes
Stereocomplexes are formed when the interaction between polymers having dissimilar configurations or tacticities prevails over that between polymers with the same configuration or tacticity. The stereocomplexes between PDLA and PLLA are formed because these crystalline structures are more stable than those obtained with neat PLLA or neat PDLA. The higher stability results from the formation of hydrogen bonds when the PLLA and PDLA crystallize together. 19, 36 The formation of a stereocomplex between PLLA and PDLA can occur as long as the Llactide and D-lactide sequences coexist in a system. Stereocomplexation can take place in solution, in the bulk state from the melt, during hydrolytic degradation or during polymerization. [36] [37] [38] Here, stereocomplexation occurs in solution, due to the solution casting method employed to prepare the samples. In fact, attempts to produce stereocomplexation in the melt yielded a mixture of stereocomplex and ordinary crystals. Therefore, the solution method was adopted to maximize stereocomplexation.
DSC is frequently used to ascertain the formation of stereocomplexes, since the new crystalline phase is more stable and melts at a higher temperatures than either of its individual components. [35] [36] [37] [38] [39] [40] In Figure 8 , DSC scans for the stereocomplexes are shown.
The melting temperatures of the stereocomplexes are higher than 200 °C in all cases. This result provides evidence for stereocomplex formation. In general, an increase in molecular weight produces a rise in the melting temperature. In addition, the melting temperature of the stereocomplexes formed from the homopolymers is higher than the T m of the stereocomplexes formed from the copolymers. This indicates that the stereocomplexes from the homopolymers are more stable than those from the copolymers. This is an expected result since the covalent bonding with the PDMAEMA chains probably difficult stereocomplex formation. The disk-like shape for the low molecular weight stereocomplexes was confirmed using scanning electron microscopy (SEM) (Figure 10 ). In Figure 10 shows elongated disk-like structures for the low molecular weight
stereocomplexes. The micrographs demonstrate copolymer/copolymer stereocomplexes structures with smaller particles than the homopolymer/homopolymer stereocomplexes.
Also it is possible to observe a slight depression in the middle of the particles; this feature is common in stereocomplexes with a disk-like structure. 35, 36 
CONCLUSIONS
The thermal properties and morphologies of homopolymers, copolymers and stereocomplexes of a series of PLA-based polymers, including copolymers with noncrystalline PDMAEMA, were investigated. The copolymers were found to be miscible when the results of AFM, SAXS and DSC were analyzed together.
In general, the presence of the PDMAEMA hinders PLA nucleation and crystallization. As expected, the composition also had an important influence on the crystallization kinetics, since as the amount of PDMAEMA was increased the crystallization rate was retarded.
The Avrami theory was able to fit the entire isothermal overall crystallization range of the PLA homopolymers, as demonstrated by comparing experimental and simulated DSC isothermal runs. This result is not usual, since the Avrami equation usually holds for the primary crystallization range only. In the case of the PLA blocks the fitting of the DSC isothermal curves was not as good but still much better than the expectation for other polymers based on previous literature. 21 PLDA and PLLA formed stereocomplexes using equimolar ratios as previously reported in the literature. However, in this work we were able to form stereocomplexes with mixtures of PLA homopolymers and PLA-b-PDMAEMA block copolymers as well as between two block copolymers in spite of the presence of the PDMAEMA blocks. The melting point of PLDA/PLLA and PLA/PLA-b-PDMAEMA stereocomplexes were higher than those formed by copolymer mixtures. Therefore, the PDMAEMA block had a disturbing effect on the stereocomplex structure stability. For the low molecular weight stereocomplexes the particles exhibited a conventional disk-shape, on the other hand for high molecular weight samples, the particles displayed unusual star-like shapes.
